Porphyry-type Cu (Mo, Zn) deposits have been discovered along the late Paleozoic Kokirqin arc in the western Tianshan Mountains of China, part of the Central Asian Orogenic Belt. The deposits include the Lailisigao'er Mo-Cu deposit, the 3571 Cu deposit, and the Lamasu Cu-Zn deposit. The ore-forming porphyries from these three deposits are predominantly intermediate-felsic and belong to calc-alkaline and transitional series. Laser ablation-ICPMS zircon U-Pb dating on ore-forming porphyries from the Lailisigao'er and 3571 deposits yields ages of Ma and 346.1 ‫ע‬ 1.2 Ma, respectively. The trace element compositions of these porphyries from these three deposits are 354.0 ‫ע‬ 0.68 similar to those formed in a continental arc setting and are characterized by enrichment of large ion lithophile elements and depletion of high field strength elements and heavy rare earth elements ) coupled with slightly negative Eu anomalies. These rocks also show high ( 87 Sr/ 86 Sr) t (0.70722-0.71028) and low Nd (t) values (Ϫ3.71 to ϩ0.17), coupled with depletion of Ba relative to Th and elevated Th/Ce, Nb/Y, and Th/Yb ratios, suggesting that the porphyry magma originated from a partial melting of subducted sediments, mixed with minor melts produced by partial melting of mantle wedge components and involvement also of lower continental crust during emplacement. These three deposits belong to the first metallogenic group in the Chinese Tianshan, which formed from the Middle Devonian to the early Carboniferous in a continental arc environment related to a subducted oceanic slab; this group is distinguishable from a second group that formed in the Permian during a late collisional stage, in which regional collisional compression changed to extension.
Introduction
The Central Asian Orogenic Belt (CAOB; fig. 1a ) is one of the largest accretionary collages and sites of Phanerozoic crustal growth on Earth (e.g., Sengö r et al. 1993; Mossakovsky et al. 1994; Jahn et al. 2000; Kovalenko et al. 2004 ). The accretionary nature of the CAOB, which consists largely of microcontinental and volcanic arc domains amalgamated mainly during the Paleozoic, distinguishes it from most circum-Pacific and Alpine-Himalayan orogenic belts that are characterized by oceanic-con- Manuscript received October 21, 2009; accepted May 11, 2010. 1 Author for correspondence; e-mail: zczhang@cugb.edu.cn.
tinental collision or continent-continent collisions, respectively (Sengö r et al. 1993; Buchman and Aitchison 2004; Xiao et al. 2004a Xiao et al. , 2004b . A characteristic feature is the complex but recurrent arrangement of accretionary-prism and magmatic-arc material, interspersed with blocks of older continental crust and slivers of oceanic crust (Krö ner et al. 2008) . The Chinese Tianshan is a key area for understanding the tectonic history of the CAOB. Investigations on metallogenic provinces and epochs in the area have led to the discovery of numerous metal deposits, especially of porphyry Cu-Mo(Au). These deposits include the Lailisigao'er Cu-Mo, 3571 Cu, Lamasu Cu-Zn, Mosizaote Cu, Dabate Cu, Tawuerbieke Au, and Tuwu-Yandong Cu (e.g., Qin et al. 2002; Zhao et al. 2004; Han et al. 2006; Wang et al. 2006b; Zhang et al. 2006a Zhang et al. , 2006b Zhang et al. , 2008a Zhang et al. , 2008b fig. 1b, 1c) . These ore deposits could represent manifestations of specific geodynamic environments that can be used along with other indicators as distinct markers for the plate tectonic evolution of the area (Seltmann and Porter 2005) .
The Lailisigao'er-Lamasu region in the Chinese western Tianshan is situated in the midwestern section of the late Paleozoic Bigjintaw-Kokirqin island arc ( fig. 1b) , which contains intermediate-felsic porphyries widely distributed throughout. Although these porphyries are not large in volume, they have important scientific implications for the following reasons: (1) They are late Paleozoic potassic alkaline magmatic rocks (Wang et al. 2006b ) that formed in a continental arc environment, which involved variable source types and complicated dynamic settings (Stern and Kilian 1996; Bedard 1999; Romer et al. 2001; Sun and Stern 2001) . (2) The geochronology and geochemistry of the rocks can provide critical constraints on the timing and mechanism of Palaeozoic accretionary orogens of the CAOB, bearing on uplift or terrane accretion and tectonothermal evolution of an orogen (e.g., Thorogood 1990; Murphy and Nance 2002) . (3) These porphyries are accompanied by extensive copper (molybdenum, zinc) polymetallic mineralization. A deeper understanding of their genesis may help us characterize the metallogeny of the Chinese Tianshan and make a breakthrough in future copper exploration. (4) The belt may provide key information about the relations of the Mongolia and Kazakhstan porphyry copper belts to Chinese Tianshan.
Despite their potential importance, these rocks have not been well studied. In this article, we report new laser ablation (LA)-ICPMS U-Pb zircon ages and bulk-rock major element, trace element, and Sr-Nd isotopic data for ore-forming porphyries in the Lailisigao'er-Lamasu region, with the aim of providing constraints on geodynamic and petrologic processes in the Palaeozoic arc systems of Chinese Tianshan and some important implications for metallogeny and guides for exploration programs in the area and, by inference, elsewhere in the Chinese Tianshan and the CAOB.
Regional Geological Setting
The Tianshan Mountains extend for ∼4500 km from northwest China to Kazakhstan, Kyrgystan, Uzbekistan, and Tajikistan. Rui et al. (2002) divided the Chinese Tianshan belt into northern, southern, and central Tianshan. The same subdivisions are used in Uzbekistan and Kyrgyzstan (Chiaradia et al. 2006 ), but these do not exactly correspond with the Chinese sector. The Chinese western Tianshan (Xinjiang Autonomous Region) is sandwiched between the Junggar Basin in the north and the Tarim Basin in the south and is bound by two major inward-dipping active thrusts: the southern (STZ) and the northern (NTZ) thrust zones ( fig. 1b, 1c) . The Chinese western Tianshan consists largely of microcontinental and volcanic arc domains, amalgamated mainly during the Paleozoic. Subduction ended due to collision of Kazakhstania with Baltica, Siberia, and the Tarim block (Windley et al. 2007 ). The area was deformed and uplifted again by Cenozoic intracontinental tectonics because of the India-Asia collision Wang et al. 2002; Liu et al. 2006; Windley et al. 2007 ).
Outcrops of Precambrian continental basement in the Sailimu Lake (SLM)-Wenquan area, southeast of Tekesi and Baluntai area, are mainly granitoid gneisses and metasedimentary rocks, including mica schist, felsic migmatite, and marble (Wang et al. 2006b ). Precambrian amphibolite facies metamorphic rocks crop out in the SLM and southeastern Tekesi-Baluntai area. The amphibolite facies metamorphic rocks in the east of SLM, north of Bayinbuluke and south of Tekesi, have been U-Pb zircon dated at 709-882 Ma (Chen et al. 1999b (Chen et al. , 2000a (Chen et al. , 2000b .
Lower and Middle Paleozoic strata are found throughout the Chinese western Tianshan. Cambrian and Ordovician rocks consist of chert and carbonates, and they predominantly crop out in the SLM and Boluokelu area ( fig. 1c) . Silurian flysch and intercalated calc-alkaline volcanic and volcano-sedimentary rocks locally intruded by Late Paleozoic granitic rocks are distributed along the southern side of the Northern Tianshan Fault and the eastern margin of the Yili block (Zhou et al. 2001) . Devonian rocks contain littoral-neritic conglomerate, sandstone, siltstone, shale, and limestone in the SLM area north of the SLM-Jinghe Fault ( fig. 1c ) and a few granitoids locally intruded in the Yili block. An Ordovician extension in the northern margin of the Yili basin formed a volcanic rifted continental margin in the BoluoKenu area (Qin et al. 2002) .
During the late Devonian and Carboniferous, the basement was intruded by Carboniferous granitoids that crosscut the basement and pre-Carboniferous rocks ( fig. 1c) . This was the most important phase of porphyry-type Cu-Mo mineralization in the Chinese Tianshan. During this period, the south- ward subduction of the Bayingou Ocean in the Alataw Shankou-Bayangou region formed a complete forearc-arc-backarc system (Qin et al. 2002; Li et al. 2004; Wang et al. 2006b ), namely, the late Paleozoic Erenhabirga forearc basin and trench, the late Paleozoic Bigjintaw-Kokirqin island arc, and the late Paleozoic Tulasu backarc basin ( fig. 1b) . The edge of Yili block also contain meter-to-kilometer-scale blocks of ophiolitic mé lange, U-Pb zircon dated at to Ma from Bayingou 344 ‫ע‬ 3 325 ‫ע‬ 7 gabbro, and plagiogranite (Xu et al. 2005 (Xu et al. , 2006 . These dates indicate a Late Devonian to late Early Carboniferous ages for the ophiolitic rocks.
During the Permian, the tectonic regime was predominantly collisional. Permian terrestrial sandstone and conglomerate unconformably overlie all the older rocks. A prominent bimodal volcanic association with less than ∼10% ore-forming porphyries developed in the north of Yili block, especially in the Nileke area (fig. 1b, 1c; XBGMR 1992; Wang et al. 2006b ). Mesozoic and Cenozoic rocks are not well developed in this area and include terrestrial sedimentary rocks, which mainly cover the interior of the Yili Plate ( fig. 1c ).
Geology and Petrography of the Porphyries
All our samples are intermediate-felsic porphyries associated with copper and molybdenum (and minor zinc) deposits from the Lailisigao'er Cu-Mo, the 3571 Cu, (Jinghe County), and the Lamasu Cu-Zn (Bole County) deposits ( fig. 1c ). More than 10 porphyry stocks outcrop in the Lailisigao'er Mo-Cu deposit area. They are mostly irregular in shape, but viewed in vertical section, the intrusions form apophyses protruding from a larger body. The largest of these apophyses is 0.1 km 2 in area, and all other bodies are !0.1 km 2 . All stocks intruded the Early Silurian Keru'er Group, which consists mainly of pelitic siltstone with a few silty mudstones and sedimentary breccias ( fig. 2a) . About 50 vol% of the porphyry stocks is mineralized. Detailed exploration by the No. 7 Geological Party of the Xinjiang Bureau of Geology and Mineral Resources has shown that the deposit has 14600 t metal, molybdenum plus copper with grades of 0.062-0.32 wt% Mo and 0.1-0.2 wt% Cu (Wan et al. 2008) . The orebodies are hosted in endo-and exocontact of the porphyry and breccias units. The ore contains molybdenite, chalcopyrite, pyrite, bornite, sphalerite, scheelite, and pyrrhotite. The ore is largely disseminated, and generally has xenomorphic granular and automorphic-hypidiomorphic granular textures. Alteration styles include K-feldspar alteration, albite alteration, silicification, carbonation, chloritization, sericitization, and epidote alteration.
In the 3571 Cu deposit, which is 500 m topographically above but !1 km away from the Lailisigao'er deposit, the ore-forming porphyry stocks and plugs have only a small exposed area. The largest one occupies a surface outcrop of ∼0.05 km 2 , but there are possible extensions at depth. The country rocks are the sedimentary and volcaniclastic sequences of the Early Silurian Keru'er Group and the Boluokelu Group ( fig. 2a) . The porphyry stocks are characterized by pervasive alteration. The alteration shows a slight zonation from potassic alteration in the porphyry body itself through silicification and sericitization to propylitization in the outer edge of the porphyries. The deposit contains 10.1 Mt metal with a grade of 0.40 wt% to 1.27 wt% Cu . Cu mineralization is dominantly located in the endo-and exocontact of the porphyry and siltstone. The ore mineral is dominated by chalcopyrite with a polymetallic sulphide association consisting of molybdenite, bornite, pyrite, and pyrrhotite. Disseminated ore is predominant and has mainly xenomorphic granular, automorphic-hypidiomorphic granular textures.
In the Lamasu Cu-Zn deposit, the ore-forming porphyry stocks are exposed in an area of 0.60 km 2 . The intrusions form apophyses or veins that intrude the Mesoproterozoic Kuximuqieke Group and consist of mottled limestone, dolomitic limestone, and siliceous limestone, which were metamorphosed to skarn located along the contact ( fig.  2b ). The contacts of the intrusive rocks and the wall rocks are dipping to the north or west, and the contact boundaries are angular, indicating that the emplacement of the intrusive rocks at shallow depths was probably controlled by later faults. The Lamasu deposit contains 11 Mt metal reserve of copper plus zinc with a grade of 0.30%-3.68% Cu, 0.61%-0.70% Zn (Wang 1994; Zhang and Zhan 1998) . About 25% of the ore is hosted in the porphyry stocks. Approximately 75% of the ore is hosted in skarn or skarn-mineralized limestone. However, the metallogenesis still remains controversial, and several different metallogenetic models have been proposed: strata-bound hydrothermal type (Ding et al. 1990 ), skarn type (Yang et al. 1998) , and porphyry-skarn type (Wang et al. 2006b; Zhang et al. 2008a) . Our field observations suggest that skarn type mineralization is important in the studied region. Porphyritic types of mineralization have been recognized mainly in the porphyries or the inner contact zones, which occur in hydrothermal veins, including quartz veinlets, quartz-calcite (K-feldspar) veinlets, and chlorite (tremolite)-quartz veinlets. Considering these observations, we propose that most of the mineralization in the Lamasu deposit is of the skarn-porphyritic type. The Lamasu deposit contains abundant metallic minerals, predominantly chalcopyrite, sphalerite, pyrite, pyrrhotite, galena, and molybdenite. The wall rock alterations of the Lamasu deposit mainly contain skarn alteration, K-feldspar alteration, silicification, carbonation, chloritization, hydromuscovite alteration, and epidotization.
The ore-forming porphyry rocks in the Lailisigao'er deposit are porphyritic monzogranite and porphyritic granodiorite stocks, while those in the 3571 deposit are porphyritic granodiorite stocks. In the Lamasu deposit, the ore-forming porphyries are tonalitic and granodioritic rocks. The boundary between the monzodioritic and granodioritic rocks is gradual, both in the Lailisigao'er and 3571 deposits. Similarly, tonalitic and granodioritic rocks change gradually in the Lamasu deposit. All are characterized by light gray colors with porphyritic and fineto medium-grained textures, massive structures, and generally similar mineral assemblages. The phenocrysts are generally 0.3-3.0 mm across and constitute about 20-40 vol% of the rocks, consisting of plagioclase, K-feldspar, quartz, biotite, and hornblende. Plagioclase phenocrysts (20-45 vol%) are usually subhedral and platy and exhibit zoning (most from An 10 to An 40 ) with some alteration minerals such as sericite and kaolinite ( fig. 3 ). The tonalite contains more and bigger plagioclase crystals, up to 140 vol%. K-feldspar phenocrysts (5-25 vol%) are characterized by platy or anhedral granular textures and microcline, with typical polysynthetic twinning. Quartz phenocrysts (15-30 vol%) are mostly xenomorphic granular and in places exhibit resorbed borders ( fig. 3 ). Occasionally, euhedral hexagonal quartz ( fig. 3e ) and bipyramidal quartz ( fig. 3f ) can be seen in some phenocrysts in the granodioritic porphyries in Lamasu deposit. Biotite phenocrysts (5-10 vol%) generally have a brown, wide flake shape and are commonly partially replaced by chlorite, Fe-Ti oxides, and prehnite ( fig. 3b-3d ). Hornblende phenocrysts (5-10 vol%) are commonly prismatic or rhombohedral and exhibit simple twins ( fig. 3b ). Chloritization and epidotization are present along cleavages and crystal boundaries. The matrix is 0.05-0.3 mm in grain size and generally makes up 60-75 vol% of the rocks, consists of the same minerals as the phenocrysts, which usually has a microsubhedral granular texture ( fig. 3a-3d ) and xenomorphic granular texture ( fig. 3e, 3f ). Accessory minerals are apatite, zircon, titanite, magnetite, and ilmenite, as well as metal sulfides such as pyrite, chalcopyrite, and molybdenite, which occur both in the silicate phases (e.g., plagioclase, K-feldspar, and biotite) and interstitial to them.
Sample Preparation and Analytical Techniques
Because of different conditions in the various mines, we collected samples from the three ore dis- tricts by different methods. In the Lailisigao'er deposit, a suite of 16 surface samples and eight drill cores were collected from outcrops and a recently drilled borehole. In the 3571 deposit, 12 samples were randomly collected from the drilled borehole and outcrops. In the Lamasu deposit, seven surface samples and eight mine samples were collected from outcrops and a mine dump, because the quarries are now closed. The relative positions of some samples for geochemical analyses from these three deposits are shown in figure 2.
All of the ore-forming porphyries were more or less affected by potassic alteration, silicification and sericitization, and propylitization. To correctly characterize their chemical compositions, the least altered samples from each of the three deposits were chosen by microscope for zircon U-Pb isotope, major element, trace element, and whole-rock SrNd isotope analyses. Sample preparation and analytical techniques are found in the appendix, available in the online edition or from the Journal of Geology office.
Results
Geochronology. Monzogranitic porphyry (D14) and granodioritic porphyry (D7) from the Lailisigao'er deposit and the 3571 deposit, respectively, were chosen for LA-ICPMS U-Pb zircon analyses. The analytical data are listed in table A1, available in the online edition or from the Journal of Geology office. Zircons from both samples are colorless or light brown with no obvious inclusions. They are euhedral and elongate prismatic, 80-300 mm in length, and with a length to width ratio of 1.5-3.0, although a few grains show a short prismatic morphology. In cathodoluminescence images, all grains exhibit well-developed oscillatory zoning, but some oscillatory bands, particularly on the rims, have been thickened or blurred during late recrystallization ( fig. 4) . The Th/U ratios for spots from both sets of samples are between 0.43 and 1.40, much more than for those of metamorphic zircon (!0.2; Rubatto 2002; Mö ller et al. 2003) . These values, combined with the morphology and internal structure of the zircon grains, are consistent with a magmatic origin (Koschek 1993) . Therefore, the LA-ICPMS zircon U-Pb dating results are interpreted to represent the age of magma emplacement.
Twenty-five spot analyses were carried out on zircon grains of the monzogranitic porphyritic sample (D14). Excluding two older (spots 5 and 12) and five younger (spots 2, 3, 6, 16, and 17) data points whose age may be due to inheritance and later Pb loss, respectively, the other 18 analyses define 206 Pb/ 238 U ages ranging from 341 to 349 Ma, with an errorweighted mean of Ma ( ; 346.1 ‫ע‬ 1.2 MSWD p 1.4 fig. 5a ), again interpreted as close to the age of magma emplacement. Twenty-four spot analyses were carried out on zircon grains of the granodioritic porphyritic sample (D7). Except for one older (spot 12) and five younger (spots 4, 11, 14, 16, 17, and 18 ) discordant data points with earlier inheritance and later Pb loss, respectively, the remaining 17 analyses fig. 5b ). This is interpreted as the age MSWD p 1.5 of magma emplacement. In summary, the LA-ICPMS zircon U-Pb dating indicates that the porphyries in the Lailisigao'er and 3571 deposits were emplaced in Early Carboniferous.
Major Elements. The major element analyses of the ore-forming porphyries are listed in table A2, available in the online edition or from the Journal of Geology office. Except for sample D3-1, which was influenced by K-feldspar, albite, and quartz alteration, SiO 2 abundances in the Lailisigao'er and 3571 deposits range from 58.49% to 70.31%, and the Al 2 O 3 , MgO and TiO 2 contents range from 12.65% to 16.63%, 0.54% to 1.89%, and 0.24% to 0.65%, respectively; Na 2 O and K 2 O contents are 2.07%-3.87% and 2.89% to 5.38%, respectively; and K 2 O/Na 2 O ratios from 0.31 to 1.95. The total FeO and CaO contents vary from s1.43% to 5.89% and 0.52% to 5.21%, respectively, and from 0.09% to 0.20% for P 2 O 5 .
In contrast, the SiO 2 contents of the porphyries in the Lamasu deposit display a small range of 61.31%-68.54%. They are characterized by higher Al 2 O 3 (15.31%-18.13%), Na 2 O (2.57%-5.43%), K 2 O (1.97%-6.28%), and K 2 O/Na 2 O ratios (0.41-2.44); low TiO 2 contents (0.29%-0.35%), TFeO contents of 1.18%-2.23%, and P 2 O 5 contents of 0.09%-0.10%, with the similar contents of MgO (1.13%-1.36%) and CaO (1.65$-3.58%). Our samples from these three deposits have major element compositions similar to those in the giant porphyry copper deposits in the Chinese eastern Tianshan (e.g., Tuwu-Yangdong) and Kazakhstan (e.g., KounradAktogay). However, our samples have lower Na 2 O and higher K 2 O contents, which could be attributed to alteration effects ( fig. 6) .
Trace Elements. The N-MORB normalized trace element diagrams ( fig. 7 ) of the ore-forming porphyries from the three deposits are similar in overall shape and characterized by enrichment of large ion lithophile elements (LILE: Rb, Ba, K, Sr, U, and Pb) relative to high field strength elements (HFSE: Nb, Ta, Zr, Ce, and Ti) coupled with significantly negative Nb, Ta, and Ti anomalies. However, those from the Lamasu deposit have much more significant LILE enrichment relative to HFSE than those from two other deposits.
The samples from the Lailisigao'er and 3571 deposits show high total rare earth element (REE) fig. 7b, 7d, 7f) .
Sr-Nd Isotopes. Measured and calculated initial isotopic ratios are presented in table A3, available . Chondrite-normalized rare earth element distribution and N-mid-ocean ridge basalt-normalized trace element patterns of the ore-forming porphyries from the Lailisigao'er deposit, the 3571 deposit, and the Lamasu deposit, respectively. Normalized values are from Sun and McDonough (1989) . The shaded areas were compiled from Chile and Ecuador granites (Richards et al. 2001; Reich et al. 2003; Chiaradia et al. 2004 fig. 8 ).
Discussion
Tectonic Setting of Ore-Forming Porphyries. The Chinese Tianshan formed as a result of accretionary orogenic tectonics, characterized by multiphase amalgamation and the accretion of various micro- continents, including the Yili block, magmatic arcs, and terranes, throughout the Paleozoic. These accretionary processes are closely associated with the evolution of an ancient Tianshan Ocean between the Tarim block and Angaran Paleozoic active margin of the CAOB (e.g., Coleman 1989; Qin et al. 2002; Hong et al. 2003; Xiao et al. 2004a Xiao et al. , 2004b . Sengö r et al. (1993, 1996) fig. 7) and are characterized by LILE enrichment; significantly negative Nb, Ta, and Ti anomalies; and depletion of HFSE relative to MORB ( fig. 7b,  7d, 7f ). These patterns are characteristic of calcalkaline igneous suites associated with arc magmatism above a subduction zone (Rollinson 1993; Lan et al. 1996) , similar to those of most modern subduction-related volcanic and plutonic rocks (Wood et al. 1979; Briqueu et al. 1984) . On the Zr versus Y diagram (not shown), all samples plot within the field of calc-alkaline and transitional magmatic affinity; therefore, we infer that they formed in a suprasubduction zone setting (Luchitskaya et al. 2005) . Furthermore, our samples exhibit strongly fractionated REE patterns and low HREE abundances, relative to N-MORB, that resemble those of typical continental arc granites (e.g., Chile and Ecuador; fig. 7 ). This feature could be attributed to fractionation of hornblende, which plays an important role in continental arcs built on thick and mature crust (e.g., Miyashiro 1974; Kay 1984 ). This conclusion is also further supported by the Th/Yb versus Nb/Yb diagram ( fig. 10) Sr/ 86 Sr ratios (0.70722-0.71028) similar to those from western North America and typical continental arc granitic rocks, but they are much higher than those of most other typical ore-forming porphyry stocks (0.703-0.706; Sillitoe and Gappe 1984; Rui et al. 2004) . Consequently, the ore-forming porphyries most likely formed in a continental arc setting.
Additionally, geochronological and geochemical data from ore-forming porphyries elsewhere in the Chinese Tianshan enable us to place some constraints on the tectonic setting (table 1) . These geochronological data suggest that the emplacement of the ore-forming porphyries occurred mainly in the late Paleozoic and can be divided into two groups: ∼390-340 and ∼300-250 Ma. They might represent two important stages of the formation of ore-forming porphyries in the Chinese Tianshan. Previous studies suggested that the ore-forming porphyry in the Tuwu-Yandong deposit in the eastern Tianshan, which belongs to the first group, was formed by partial melting of an obliquely-subducting oceanic slab in a continental arc environment during early Carboniferous, but those of the second group (e.g., Dabate, Mosizaote, Chihu, Linglong, and Sanchakou) were formed by partial melting of thickened lower crust in a late-collisional orogen processes (Zhao et al. 2004; Zhang et al. 2006a Zhang et al. , 2006b Zhang et al. , 2008b .
Because the geochronological dates of the Lailisigao'er-Lamasu ore-forming porphyries probably reflect their formation, they can be classified into the first group, that is, forming in Middle Devonian to early Carboniferous, in accord with a continental arc environment based on geochemical characteristics. This stage was also the main phase for worldclass porphyry-type copper deposits in the CAOB: Oyu Tolgoi in Mongolia, Kounrad, Aktogay-Aiderly, and Koksai in Kazakhstan and Almalyk in Uzbekistan (Lamb and Cox 1998; Heinhorst et al. 2000; Hong et al. 2003; Cooke et al. 2005) .
Constraints on the Sources of Porphyries. Based on major and trace element and Sr-Nd isotopic data for ore-forming porphyries in China and Chile, Rui et al. (2004) proposed that ore-forming porphyries were predominantly derived from ocean basalt and/ or depleted upper mantle, although there is increasing evidence for the source of melts being contaminated by lower crust material. In a continental arc setting, the end-member components of magma sources may include (1) aqueous fluids released by dehydration of altered oceanic crust and/or subducted sediments, (2) partial melts derived from subducted slab (sediment or/and oceanic crust), (3) MORB source-type mantle, (4) ocean island basalt source-type mantle, and (5) mantle-derived magmas significantly contaminated by continental materials (e.g., Hawkesworth et al. 1997; Bedard 1999; Macdonald et al. 2000; Elburg et al. 2002; Zhu et al. 2009 ).
The trace element geochemistry of the ore-forming porphyries suggests that subduction-related components played an important role in the magma generation. Their high LILE/HFSE and LREE/HREE ratios imply that the magma source (i.e., the mantle wedge) was modified by slab-derived fluid or melt. Previous studies indicate that slab-derived fluids, which carry little REE (especially HFSE), introduce significant amounts of LILE into the mantle wedge (Bedard 1999; Seghedi et al. 2001; Singer et al. 2005) . In contrast, subducted sediments are characterized by high Th and LREE content (Ben et al. 1989; Macdonald et al. 2000) . Thus, magmas derived from sources metasomatized by slab-derived fluids should have elevated Ba content and high Ba/Th (1∼170) and Sr/Nd ratios, whereas those derived from the sources modified by the subducted sediments should exhibit elevated Th contents and high Th/La (10.2), Nb/Y, and Th/Yb (1∼2) ratios (Seghedi et al. 2001; Woodhead et al. 2001; Elburg et al. 2002; Plank 2005; Richards and Kerrich 2007) . Most samples of the ore-forming porphyries display the depletion of Ba relative to Th, characteristic HREE-and Y-depleted signatures, in accord with low Ba/Th (!116) and high Th/La (0.19-0.62) and Th/Yb (2.48-7.73) ratios, which suggests that the magma generation of the bulk of ore-forming porphyries is a characteristic likely inherited from subducted sediments rather than an effect of subduction-related fluids. This conclusion is also supported by Ba-Nb/Y and Th/Yb-Sr/Nd diagrams ( fig. 11a, 11b) . However, the mention above does not address the mechanism by which the sediment is added to the mantle wedge. For this we use Th/ Nd, Th/Nb element ratios versus Nd (t) diagrams shown in figure 12a, 12b. There are no geochemical data reported for Junggar paleo-ocean sediments, and therefore global subducting sediment composition is shown for comparison in figure 12a, 12b. In both plots, binary mixing should produce linear trends toward the estimated sediment values. Yet the data arrays broadly trend toward a component with higher Th/Nb and Th/Nd than in the sediment estimates. Fractionating Th, Nb, or Nd is most easily accomplished by partially melting sediments that contain residual phases such as rutile that have higher D values for Nb and Nd than Th (Elliott et al. 1997; Class et al. 2000) , and therefore, it is likely that the subducted sediment component was transferred as a melt phase.
Experimental work by Rapp and Watson (1995) showed that Mg# is a useful index to discriminate between melts that were completely derived from crust and those partly been derived from mantle materials. Melts from basaltic lower crust are characterized by low Mg# (!0.4) regardless of melting degrees, whereas those with Mg# 10.4 can be obtained only with a mantle component. The oreforming porphyry rocks from these three deposits have relatively high Mg# (0.36-0.65; table A2), indicating the involvement of mantle components. Experimental studies demonstrate that melts formed under high-pressure conditions tend to have higher Al 2 O 3 /(TFeOϩMgOϩTiO 2 ) ratios than those formed under low-pressure conditions, and mantlecrust interaction occurs in the area between the high-and low-pressure curves because this area encompasses the range of depth for mantle-crust interaction processes (Patin o Douce 1999). The oreforming porphyry rocks of this study have moderate Al 2 O 3 /(TFeOϩMgOϩTiO 2 ) ratios and plot between the HP and LP curves (fig. 13) ; thus, mantle-crust interaction could have been involved during the ore-forming porphyry rocks formation. Additionally, most samples plot between the meltrelated field and the MORB field ( fig. 11a) , implying a MORB-type mantle source modified by slab melts. Furthermore, Nb-Ta depletion is a common feature of calc-alkaline magmas generated from sources that contain a Nb receptor (metasomatized mantle wedge) or of already Nb-depleted sources (most crustal sources), and the low Nb depletion may be regarded as an indicator of crustal involvement in magmatic processes (Rollinson 1993; Pearce and Peate 1995; Lan et al. 1996) .
The above inferences are supported by the isotopic data. The high initial 87 Sr/ 86 Sr ratios of the ore-forming porphyries in our study area range from 0.70722 to 0.71028, and the Nd (t) values range from Ϫ3.71 to ϩ0.17, suggesting that melts of subducted sediments rather than the fluids derived from dehydration of altered oceanic crust and/or subducted sediments, because previous studies have shown that fluids generated by dehydration of hydrothermally altered subducted slab have low initial 87 Sr/ 86 Sr ratios (∼0.7035), while Sr and Nd isotopes will be insensitive to addition of slab-derived fluids to the mantle wedge, whereas the melt of subducted sediments involvement will lead to more radiogenic compositions Woodhead et al. 1998) . Furthermore, compared with other granites in the CAOB with positive Nd (t) values reflecting derivation from juvenile sources (Hong et al. 2003) , the ore-forming porphyry rocks have higher initial 87 Sr/ 86 Sr ratios and lower Nd (t) values, suggesting that only minor juvenile mantle materials have contributed to the sources of the porphyries.
Based on geochemical characteristics, we infer that the genesis of the Lailisigao'er-Lamasu oreforming porphyries is mainly related to partial melt of subducted sediments with little contribution from slab-derived fluids, and that these melts mixed with minor melts of mantle wedge components (MORB). Some materials lower continental crust has also been involved in the petrogenesis of the porphyries.
Constraints on Metallogenesis. Subducted oceanic crust has high abundance of metals (e.g., Cu), and magmas derived from such sources may contain abundant volatile components (Mungall 2002; Qin et al. 2002; Richards and Kerrich 2007) . Volatile components and Cu metals could have been released from hornblende into the overlying mantle wedge due to the subduction of Junggar paleo-oceanic crust (Shen at al. 2009 ). In general, magmas derived from subduction-modified mantle wedge have high oxygen fugacity, which facilitates the stability of sulfides (Sillitoe 1997; Mungall 2002; Audé tat et al. 2004) . Electron microprobe analyses of Lailisigao'er samples show that biotite contains high MgO contents (8.77%-11.01%), with Mg/ (MgϩFeϩMn) values of 0.40 to 0.51, reflecting that these porphyries formed under anhydrous hightemperature (740Њ∼790ЊC) and high fO 2 conditions ( ; Zhang et al. 2009 ).
Ϫ14 Ϫ16
10 bar ∼ 10 bar As we know, the distribution of Cu and Mo mineralization correlates less well, but the molybdenum ore shell is generally displaced inward and downward from the copper ore shell (Singer et al. 2005; Gruen et al. 2010; Sillitoe 2010) . The porphyries at the 3571 deposit were emplaced at shallower levels than those at Lailisigao'er, based on field observation, similar geochemical characteristics and pressure estimates on the light of bulk aluminium amphibole geobarometer proposed by Hollister et al. (1987) : 140∼230 MPa (3571) and 300∼430 MPa (Lailisigao'er; Zhang et al. 2009 ). We infer that the porphyries exposed at the 3571 Cu deposit may correspond to the upper part of those from the Lailisigao'er Mo-Cu deposit, although the porphyries at the 3571 deposit emplaced 8 m.yr. older than those at the Lailisigao'er Mo-Cu deposit on the light of LA-ICP-MS U-Pb zircon dating. As a result, the area beneath the 3571 deposit should be considered as a potential target for prospecting the porphyry Mo deposit. Second, as indicated in figure 8 , those from the Lailisigao'er Mo-Cu deposit have slightly higher initial 87 Sr/ 86 Sr ratios and lower Nd (t) values than those from the Lamasu Cu-Zn deposit, which suggest that more crustal materials were involved in the generation of the former than in the latter. As mentioned above, the rock-forming Ma) in the south. This tem-346.1 ‫ע‬ 1.2 poral and spatial relationship and petrogenesis of the porphyries of the three deposits can be plausibly interpreted by the southward subduction of the Junggar paleo-ocean during the Late Paleozoic time in a continental arc setting because more crustal materials were involved in the petrogenesis of the igneous rocks toward continent or opposed to oceanic ones. The similar scenario has been recognized in the Andes of Chile. The giant porphyry coppermolybdenum deposits (e.g., Chuquicamata, El Abra, and Gaby) occur in inland, while many copper (-gold) deposits (e.g., Esperanza, Marte, and Caspoche) are distributed in a seaward-narrow belt (Sillitoe 2010) . Thus, different types of deposits could be linked to distinct sources (fig. 9) ; that is, the formation of molybdenum deposits could be attributed to greater crustal contamination involved in magma generation, as advocated by many researchers (Singer et al. 2005; Rui et al. 2006 ).
Conclusions
1. New LA-ICPMS zircon U-Pb dating indicates that the ore-forming porphyries of the Lailisigao'er and 3571 deposits formed at ca. 346-354 Ma, which is compatible with other world-class porphyry-type of copper deposits in the Central Asian Orogen.
2. The ore-forming porphyries in the study area are predominantly intermediate-acidic and belong to the calc-alkaline and transitional series. They are characterized by enrichment of the LILE and depletion of the HFSE and the HREE Yb with slightly negative Eu anomalies, consistent with a continental arc setting. These rocks also show high initial 87 Sr/ 86 Sr values of 0.707217 to 0.710282 and low Nd (t) values (Ϫ3.71 to ϩ0.17), suggesting that the ore-forming porphyries may be derived from the partial melting of multiple sources, including subducted sediment and subduction-modified mantle wedge with involvement of lower continental crust during convergence between the Junggar paleoocean and the Bigjintaw-Kokirqin Late Paleozoic arc.
3. Systematic petrologic, mineralogical, and geochemical investigations suggest that different types of deposits could be linked to distinct sources, in particular, that the molybdenum deposits are related to more continental crustal materials involved in magma generation, compared with copper deposits.
4. The ore-forming porphyries in the Chinese Tianshan formed in two different periods. The first group formed in between Middle Devonian and early Carboniferous in a continental arc environment related to subducted oceanic crust (e.g., Lailisigao'er, 3571, Lamasu in the Chinese western Tianshan and Tuwu-Yandong deposits in the eastern Tianshan). The second group formed in the Permian in a late-collision stage related to a significant change in regional tectonic framework from collision-related compression to extension (e.g., Mosizaote, Chihu, Linglong, and Sanchakou deposits).
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